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A B S T R A C T
We provide and discuss electrochemical quartz crystal microbalance (EQCM) measurements conﬁrming
previously-reported observations that poly-L-lysine ﬁlms deposited from solution under anodic
conditions grow at a constant deposition rate for extended periods of time. Compared to our previous
results using Pt, we ﬁnd that indium tin oxide (ITO) offers an effective surface for ﬁlm growth where
water oxidation is sufﬁciently suppressed to allow uniform ﬁlms to be deposited. The fact that the
previous results on ITO have been reproduced is positive for the study of polyelectrolyte ﬁlm creation,
and has implications for the use of these ﬁlms to increase the biocompatibility of hard conducting
materials used as electrodes.
ã 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Poly-L-lysine (PLL) and similar polyelectrolytes are often
proposed for passivating surfaces of “incompatible” electronic
conductors such as metals and metal oxides to make them more
“biocompatible.” [1,2] Relatively few conducting or semi-conduct-
ing materials offer a surface that biomolecules and biological cells
recognize or accept, and coating them with materials like PLL
increases the likelihood that cells or biomolecules will interact [3]
with (or ignore) the treated surface much as they would any
surface in their usual physiological environment [4,5]. PLL has a net
positive charge at pH near 7, limiting the density and thickness of
the coating that can be achieved simply by immersing an electrode
material in a PLL solution. Recent studies have reported peculiari-
ties in the anodic deposition of PLL onto conducting Indium Tin
Oxide (ITO) under a positive bias, namely that the deposition rate is
reported to be largely independent of the concentration of PLL in
the electrolyte and that the deposition can continue at a constant
rate for extended time periods as measured via optical waveguide
light spectroscopy (OWLS) [6,7]. We have previously attempted to
reproduce and study this process using Pt electrodes in a quartz
crystal microbalance (QCM), and showed that PLL can indeed be
deposited, but electrolytic oxidation of water to oxygen competes
with the deposition, limiting the information that can be collected
and the value of the method for coating Pt surfaces [8]. We have
repeated this study with ITO-coated QCM sensors.* Corresponding author. Tel.: +46 13 28 2212.
E-mail address: natro@ifm.liu.se (N.D. Robinson).
http://dx.doi.org/10.1016/j.electacta.2016.02.177
0013-4686/ã 2016 The Authors. Published by Elsevier Ltd. This is an open access article unThe relative rates of competing electrochemical reactions are
typically studied and discerned via techniques such as cyclic
voltammetry (CV) or linear-sweep voltammetry (LSV). However,
the anodic deposition of PLL, while clearly dependent on potential,
does not itself follow a simple electrochemical process. As such,
voltammetric techniques must be combined with e.g. gravimetric
techniques capable of monitoring the deposition of the polymer.
The simultaneous voltammetric or chronoamperometric measure-
ment of electrochemical reactions with a 3-electrode cell in
conjunction with QCM, often referred to as EQCM, is an example of
a combination of instruments capable of achieving this goal [8,9].
Our previous work demonstrated that the deposition of PLL onto Pt
can, with considerable effort, be discerned from the electrochemi-
cal removal (etching) of the Pt and gas evolution at the electrode.
The gas evolution we observed seemed to contradict previous
reports that PLL could be anodically deposited without observable
gas evolution on ITO [6]. We attributed this contradiction to the
difference in electrode material, particularly since Pt is often cited
as one of the better surfaces for electrolytic oxidation of water.
Here, we reproduce our EQCM measurements, this time using ITO-
coated QCM sensors, under identical conditions and can conﬁrm




Sigma-Aldrich) buffer (10 mM containing 0.1 M NaCl, Sigma
Aldrich) and PLL (mol. wt. 70000–150000, Sigma–Aldrich, 0.4 gder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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MV cm) obtained from a Milli-Q system and used in all experi-
ments. Prior to use, HEPES and PLL were ﬁltered and deoxygenated
with N2.
2.2. Quartz crystal microbalance and sensors
ITO-coated QCM sensors (ITO coated on quartz, Microvacuum,
Hungary) were cleaned according to this procedure: The sensors
were immersed in a solution of 2% Sodium Dodecyl Sulfate (SDS,
BDH Laboratory Supplies, England) in Milli-Q water (18.2 MV cm)
for 30 minutes at room temperature. Thereafter, the sensors were
rinsed thoroughly with Milli-Q water, dried with N2 gas and ﬁnally
air-plasma-treated for 10 minutes at 100 W in a Pico plasma
reactor below 0.01 mbar (Diener Electric, GmbH, Germany). After
the washing procedure, each sensor was placed in an electro-
chemical ﬂow cell (QEM 401, Q-Sense AB, Sweden) in a QCM E1-
system (Q-Sense AB). The resonance frequencies of the crystal
were then obtained for harmonics n = 1, 3, 5, 7, 9, 11, 13 while the
cell was dry. HEPES buffer, adjusted to pH = 7.4 by adding HCl (1 M,
Fluka Analytical), was introduced into the cell via a peristaltic
pump at a ﬂow rate of 10 ml min-1. All the harmonics followed the
same trends in the experiments, but for convenience only the
scaled change in frequency for the seventh harmonic Df7 and
the respective change in dissipation DD7 are shown. Other
substrates that were tested include Q-sense sensors with an Au
electrode (on top of a Ti adhesion layer), and the Au on Ti stack
coated with ITO. They were all treated in the same manner as the
crystals from Microvacuum. The QCM sensors used respond with
-17.7 ng Hz1 cm2.
2.3. Electrochemical measurements
CV and CA experiments were carried out using a Potentiostat
(mautolab type II, Metrohm Autolab B.V., The Netherlands) in
combination with GPES software (version 4.9.007, Metrohm
Autolab B.V.) connected to the QCM E1-system. The QCM-sensors
in the three-electrode setup functioned as the working electrode
(WE) in conjunction with a WPI Dri-REFTM Ag/AgCl reference
electrode (RE) and a plate of Pt (which is also the ceiling of the QCM
ﬂow cell) as the counter electrode (CE). The vertex potentials in the
CV sweeps were 1 and 1.3 V vs. Ag/AgCl and, during the CA
measurements, the applied potential was 1.3 V vs. Ag/AgCl. TheFig. 1. QCM measurement of PLL adsorption at the open-circuit potential (0.2 V vs. Ag/Ag
the 7th overtone) and corresponding change in dissipation as a function of time as recor
HEPES with PLL at 0 seconds.open-circuit potential (OCP) for all experiments was 0.23 V +/
10 mV.
3. Results
3.1. PLL adsorption without applied potential
At the OCP, a thin layer of PLL deposits onto ITO in a matter of
seconds after the polyelectrolyte solution (0.4 g l-1) is introduced
into the ﬂow cell. The QCM measures a change in resonance
frequency Df of about 5 Hz over 20 seconds, corresponding to a
(wet) mass of 90 ng cm2, as seen in Fig.1. The QCM detects a barely
signiﬁcant change in DD, almost certainly due to the viscosity of
the PLL + HEPES solution, which is higher than the viscosity of the
HEPES buffer without PLL.
3.2. Cyclic voltammetry
Starting with a saturated ITO QCM sensor under 0.4 g l-1 PLL at
OCP and initiating cyclic voltammetry between 1.0 V and 1.3 V vs.
Ag/AgCl results in nearly monotonic deposition of PLL onto the
sensor surface, as shown in Fig. 2. The rapid temporary increase in
Df observed during each cycle for similar experiments on Pt [8],
which we attributed to oxygen gas generation, are here on ITO only
signiﬁcant in the ﬁrst cycle. Instead, on ITO, each voltage cycle
deposits a clear but decreasing amount of PLL onto the sensor
(resulting in a decrease in Df). Similarly, the peak current observed
during each subsequent cycle decreases. No signiﬁcant change in
DD is observed. The corresponding experiment using only the
HEPES buffer (without PLL) resulted in a peak current of 15 mA and
no discernible change in Df or DD (See Fig. A.1 in the SI).
Figs. 3 and A.2 show the 2nd and 3rd cycles of the data in Figs. 2
and A.1, respectively, vs. the applied voltage rather than time
(voltammograms). The voltammograms make it very clear that the
largest change in Df occurs when the potential reaches its upper
vertex (1.3 V) and continues for almost half of the return cycle.
3.3. PLL adsorption at a constant anodic potential
(chronoamperometry)
As shown in Fig. 4, the rate of deposition of PLL (0.4 g l-1) from
solution increases rapidly from the open-circuit saturation level
(Df = 0, t < 0) when a constant potential of 1.3 V vs. Ag/AgCl is appliedCl) onto an ITO-coated sensor. Change in the resonance frequency (as recorded using
ded by the QCM. The solution ﬂowing through the cell was changed from HEPES to
Fig. 2. QCM and electrochemical measurements obtained during PLL (0.4 g l-1) deposition on ITO while sweeping the potential between 1.0 and 1.3 V vs. Ag/AgCl at a scan rate
of 0.01 V s-1. Df7 and DD7 from the QCM and current (I) from the potentiostat are shown as a function of time.
Fig. 3. Data from cycles 2 and 3 from Fig. 2 plotted versus applied potential. The arrows indicate the start of the ﬁrst cycle.
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2000 seconds, the rate of change in the resonance frequency
decreases to a nearly constant value of 2.9 mHz s-1, corresponding
toa“wet” massdepositionrateof0.0052 ng cm-2 s-1, until the applied
potential is removed. The total change in Df7 is 62 Hz, correspond-
ing to an overall “wet” mass deposition rate of 0.014 ng cm-2 s-1 forthe duration of the experiment. Based on the difference in Df7
measured under dry conditions before and after the PLL deposition,
the overall average PLL deposition rate (excluding the water) was
0.23 ng cm-2 s-1. The ratio between the “dry” and “wet” PLL
deposition rates is 16.4, indicating that much of the mass of the
deposited ﬁlm is decoupled from the acoustic motion of the quartz
Fig. 4. QCM and electrochemical measurements of the deposition of PLL from solution (0.4 g l-1) at a constant applied potential of 1.3 V vs. Ag/AgCl, applied at time = 0 sec. Df7
and DD7 from the QCM and current (I) from the potentiostat are shown as a function of time.
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decreases even more rapidly than Df, reaching a steady-state value
near 2 mA. The change in DD observed is within the measurement
error of the instrument. Very similar curves were obtained for the
various overtones recorded by the QCM.
3.4. Effect of PLL concentration change during anodic deposition
Changing the solution pumped through the ﬂow cell from
0.4 g l-1 (in HEPES) to 0 g l-1 PLL (HEPES) causes an immediateFig. 5. QCM and electrochemical measurements of the deposition of PLL from solution (0
HEPES (7551 seconds) and then back to PLL (9740 seconds). The potential was applied a
shown as a function of time.change in the otherwise steady-state deposition of PLL at 1.3 V vs.
Ag/AgCl, as can be seen in the data shown in Fig. 5. The current
and Df follow approximately the same track as those of the
experiment shown in Fig. 4 until, at 7551 seconds, the PLL ﬂowing
through the measurement cell is replaced by HEPES. The change
in electrolyte causes Df to stop decreasing and start increasing
(the deposition appears to reverse). However, when PLL solution
is reintroduced into the cell, Df rapidly drops again, and nearly
continues on the same curve observed before the electrolyte
substitution..4 g l-1) at a constant applied potential of 1.3 V vs. Ag/AgCl with a change of buffer to
t time = 0 sec. Df7 and DD7 from the QCM and current (I) from the potentiostat are
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The general result obtained, that anodic PLL deposition onto ITO
approaches a steady-state rate that is sustainable for an extended
period of time, reproduces the result initially reported by van
Tassel et al. using ITO substrates in OWLS [6], although we
measured a (“dry”) deposition rate approximately three times that
previously reported. Even the unexpected “recovery” of the
deposition after PLL is removed from and then replaced in the
buffer in the ﬂow cell, indicating that the rate-limiting step of the
mechanism is not the transport of PLL to the surface or even related
to the PLL concentration, matches that described by van Tassel et al.
However, based on our previous experience with EQCM-D
measurements on Pt [8], this result depends strongly on the
relative rate of water electrolysis to the rate of PLL deposition at the
surface. On both Pt [8] and ITO, the deposition of PLL appears to
slow the rate of water electrolysis. This effect (on an ITO surface)
can be seen by comparing the current reported in Fig. 2 with that
shown in A.1. In Fig. 2, as PLL is deposited onto the ITO surface, the
peak current observed in each subsequent voltage cycle decreases,
while the experiment without PLL (Fig. A.1) shows nearly constant
peak current. We suggest that the relatively slow rate of
electrolysis on ITO allows the PLL deposition to outpace
electrolysis, precluding the signiﬁcant gas production and ﬁlm
disruption we reported on Pt [8]. The single “spike” in Df visible in
the ﬁrst CV cycle in Fig. 2, likely caused by O2 gas generated
electrolytically at the electrode interface before dissolving in the
electrolyte, does not appear (or is signiﬁcantly smaller) in the
subsequent voltage cycles. If gas is produced on the electrode
surface, the bubbles must be small and cover a relatively small
fraction of the sensor surface, as no discernible signal is visible in
DD. In contrast to our previous work on Pt, the ﬁlms produced in
the experiments on ITO appear to be uniform, and the similarity of
the Df curves from the various overtones (not shown) suggests that
the ﬁlms are uniformly deposited onto the ITO surface. Further-
more, the PLL ﬁlm grows more quickly on ITO (“dry” rate
0.23 ng cm-2 s-1) than on Pt (about 0.15 ng cm-2 s-1), even though
the current measured on ITO is 1–2 orders of magnitude smaller
than that measured on Pt [8]. Finally, the ratio of deposition rates
calculated based on the “dry” and “wet” mass of PLL on Pt is nearly
unity [8], compared to a factor of 10 observed on ITO, suggesting
that the ﬁlms grown on the different conducting surfaces may have
signiﬁcantly different internal structures.
As a consequence, the interesting and potentially very useful
deposition mechanism ﬁrst reported by van Tassel et al. may only
apply for substrates like ITO that conduct, yet limit the electrolytic
oxidation of water. Unfortunately, ITO is less-than-optimal in
terms of biocompatibility [10], meaning that the result, although
very interesting from a fundamental science perspective, may have
limited value in application. We note that even our attempt to
anodically deposit PLL onto ITO coated onto Au with an underlying
Ti adhesion layer (Q-Sense QSX 999, Custom Made Crystals), failed
in a manner similar to the problems we reported on Pt, and even
destroyed the electrodes themselves, as can be seen in the
photographs of crystals in Figs. A.3 and A.4 in the SI. A similar result
was obtained on Au-coated crystals without any ITO coating. It
would appear that, at least in the case of these particular crystals,
the ITO does not prevent water from reaching the Au and being
electrolyzed.
The nearly indiscernible changes in DD during the deposition of
relatively thick PLL ﬁlms suggests that the resulting ﬁlm either has
a viscosity very similar to the surrounding buffer (i.e. the ﬁlm isextremely hydrated), or that the ﬁlm has a very compact and rigid
structure, effectively behaving as an extension of the metal-oxide
substrate. The former explanation is much more likely given the
relationship between the change in “dry” mass and “wet” mass
recorded with the QCM, indicating that the polymer ﬁlm is largely
decoupled from the oscillation of the sensor surface, and is
consistent with the nature of electrolyte ﬁlms generally observed.
The small changes in DD observed in Fig. 5 when the PLL solution
was replaced by HEPES almost certainly reﬂect the change in the
viscosity of the bulk ﬂuid. A similar change can be seen in Fig. 1.
5. Conclusion
We have reproduced the previously-reported curios deposition
behavior of PLL onto ITO, namely that a constant deposition rate
can be achieved for seemingly indeﬁnite periods, and that the rate-
limiting step in the deposition mechanism does not seem to itself
be related to the concentration of PLL in the ﬂuid far from the
electrode interface. This method produces predictable, thick, and
uniform ﬁlms. Having said that, this special behavior appears to be
limited to ITO, or at least to materials that suppress water oxidation
at potentials greater than 1 V vs. Ag/AgCl, and as such may be of
limited practical value.
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